Abstract. A three-dimensional mathematical model has been developed for the simulation of horizontal cold wall CVD reactors aiming at the design and scale-up of new CVD reactors as well as at the optimisation of the operation of existing systems. The conservation equations of mass, momentum and energy are discretized by the finite-volume method and solved on a curvilinear non-orthogonal grid, assuming steady state conditions, laminar flow and ideal gas behaviour. The model accounts for the dependence of physical properties on temperature, pressure and composition, for realistic reaction kinetics, radiation, as well as for multi-component diffusion and thennal diffusion effects. Results from the application of the model to the low-pressure deposition of tungsten from W(C0)6 are presented and discussed.
INTRODUCTION
Chemical Vapour Deposition (CVD) is widely used for film growing and ultra fine particle production. In microelectronics, in particular, it is used to deposit thin films on wafers in the fabrication of integrated circuits. The process involves complex reactive transport where flow, mass diffusion, chemical kinetics and thermal effects, all affect the quality of the final product [I] ; the product quality, which depends on the thickness, composition, microstructure and uniformity, is a critical manufacturing requirement and it must be reproducible from wafer to wafer. Cold wall CVD reactors are used extensively at the laboratory scale 121, as they are more suitable for selective deposition and they usually accommodate only a single wafer in various orientations relative to the flow. Wahl [3] and Jensen and Graves [4] applied computational methods for the simulation of CVD reactors and presented the importance of reaction engineering analysis through computational modeling. Following those research works, many computational studies of CVD processes have been performed [S-71, aiming at the simulation of multidimensional flow and transport phenomena to support reactor design and process optimization.
In this work, a three-dimensional mathematical model has been developed for the simulation of horizontal cold wall CVD reactors aiming at the design and scale-up of new CVD reactors as well as at the optimisation of the operation of existing systems. The conservation equations of mass, momentum and energy are discretized by the finite-volume method [8, 9] and solved on a curvilinear, non-orthogonal grid assuming steady state conditions, laminar flow and ideal gas behaviour. The model accounts for the dependence of physical properties on temperature, pressure and composition, for realistic reaction kinetics, radiation, as well as for multi-component diffusion and thermal diffusion effects.
Of particular interest in this work, is the deposition of tungsten thin films that are used in microelectronic devices as ohmic contacts, diffusion barriers and interconnects and are usually deposited by chemical vapour deposition using m6 and a suitable reducing agent. In the present case, tungsten is deposited from pyrolysis of vapour of W(CO)6 [10,11] and it is used as an intermediate layer between copper and dielectric. Results from the application of the model to the low-pressure deposition of tungsten from W(CO)6 in a horizontal cold wall CVD reactor are presented and discussed. It is shown that important parameters that could be varied independently and influence deposition rate are the substrate temperature, tungsten hexacarbonyl partial pressure and the total inlet feed rate. A cold wall horizontal CVD reactor is sketched in Fig. 1 . Tungsten is deposited through the following surface pyrolysis reaction:
The feed gas consists of gas nitrogen and vapour of tungsten hexacarbonyl. The length of the reactor studied in this work is 53cm and the silicon wafer of diameter 7.5cm is put on a graphite susceptor of size 11.5cm x 9.0cm x 0.8cm, placed at the center of the reactor chamber. This choice for the reactor geometry and size was dictated by an existing experimental setup [12] , where measurements of deposition rate are underway. The substrate is heated by three halogen lamps (1000W each) at 550°C. The reactor wall is made of quartz while air fans are used to hold its temperature at low levels (about 100°C).
The governing equations
The flow and transport of the gas mixture in the horizontal CVD reactor is described through the conservation equations of mass, momentum, chemical species and energy in a three-dimensional curvilinear, non-orthogonal grid, under steady state conditions. The generalized conservation equation for
where v is the vector differential operator, p is the density, ? is the velocity vector, run is the effective exchange coefficient of variable (p, and s is the sourcelsink term expressing the production/consumption of (p, inside the domain of interest.
Reaction kinetics
The deposition of tungsten considered here is a sequential process consisting of gas phase diffusion of tungsten hexacarbonyl vapour to the wafer surface and chemical decomposition of W(C0)6.
The chemical decomposition rate is first order with respect to W(CO)6 partial pressure [10,11]:
where k,, = 3.027 mol Pa m-2 si' and E = 18 kcal mof'
Radiation model
Heat transfer by radiation in CVD reactors affects the mass transport of species and chemical reactions during the growth. In this work, radiative heat transfer is calculated with the use of the six-flux radiation model employing diffusion-type differential equations 1131. A set of six simultaneous differential equations is solved by standard finite-difference techniques.
Boundary and internal conditions
The inlet mole fraction of W(C0)b is 10% in an Nz bulk. At the inlet, the total flow rate is lOsccm and the temperature is uniform and equal to 1 10°C. The temperature at the outer reactor wall is taken constant at 100°C. The wafer temperature is kept fixed at 550°C and the total pressure in the reactor is 0.26 Torr. Noslip conditions for the velocity have been applied at the reactor walls and wafer surfaces.
Physical properties
-Mixture density is calculated from the ideal gas law.
-Mixture specific heat is calculated by:
where C , i is the heat capacity of pure species i, n is the total number of species and xi is the species molar fraction.
-Dynamic viscosity is calculated by the empirical formula of Wilke [14] :
where pi is dynamic viscosity of species i and cDij is a correlation factor between the viscosities and the molecular weights of species i and j.
-Thermal conductivity is calculated by the empirical formula of Wilke [14] :
where h; is the thermal conductivity of species i.
-The mixture diffusion coefficients are calculated through implementation of Wilke equation [15] :
where Du are the binary coefficients that depend on pressure and temperature and are calculated from the kinetic theory of gases [15] . Because of the large temperature gradients that exist in such type of reactors, thermal diffusion is accounted for; it is the Soret effect [15] , which drives the reactants away from the hot substrate towards the cold reactor regions, thus reducing the deposition rate.
RESULTS AND DISCUSSION
A grid of 20 x 20 x 26 (NX x NY x NZ) nodes has been used in the computations (Fig. 2 ) as further refinement gave no substantial change in the calculated results. The velocity vectors shown in Fig. 3a indicate fully developed laminar flow near the wafer. Conduction dominates the heat: transfer in the reactor as can be deduced from the isotherms in Fig. 3b .
In Fig. 3c the mole fraction distribution of W(CO)6 is depicted. The reaction gas enters the reactor with the specified mole fraction of 10% and decreases due to the deposition at the wafer. Clearly observable is the effect of thermal diffusion, which leads to enhanced concentration values in the reactor cold regions. In Fig. 4 is shown the effect of radiation on the temperature distribution from the wafer to the wall of the reactor. Radiation reduces temperature gradients, thus lowering the deposition rate but less than 5%. Fig. 5a shows the effect of substrate temperature on deposition rate of tungsten, for different inlet flow rates. As the deposition temperature increases, the deposition rate tends to rise sharply, at an inlet flow rate of 10sccm. However, at a lower flow rate, namely lsccm, the deposition rate levels off at high temperatures. Fig. 5b and 5c depict the effect of W(CO)6 partial pressure and total inlet flow rate on tungsten deposition rate, respectively, at two different temperatures. The results in Fig. 5b , indicate that at low W(CO)6 partial pressure, deposition rate varies linearly with W(CO)6 concentration. Deposition rate is measured in kmin.
When the total flow rate increases (Fig. 5c) , the convective transport of W(CO)6 to the deposition surface increases and the W(CO)6 concentration at the wafer surface becomes higher. Thus, as expected, the deposition rate will increase with increasing total flow. It should be noted, however, that the effect of a large increase in total flow is relatively small, indicating that transport of W(CO)6 from the reactor inlet to the wafer surface is mainly due to diffusion rather than convection.
